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Abstract 
Due to density difference between injected CO2 and in-situ brine, the pressure difference between wellbore and formation varies 
with depth in a CO2 injection well. Consequently the flux distribution along a vertical well is not uniform during the early stages 
of injection. For injection rates below a certain threshold, this can lead to only a fraction of the perforations contributing to 
injection. Generally this reduces the efficiency of CO2 immobilization by dissolution in brine and by residual trapping because 
less volume of rock and brine comes in contact with injected CO2. Thus for injection rates below the threshold, optimization of 
the length of the perforated interval is required to maximize trapping. We describe a semi-analytical algorithm that finds the 
optimum interval of injection for a given flow rate so that all the perforations contribute throughout the injection period. 
Although bottomhole pressure rises while injecting in smaller   perforation interval, the greater mobility of the CO2 phase 
upstream of the drying front reduces this increase and enables the use of smaller interval. In the case of a horizontal well, the 
length of well plays an important role in determining the CO2 trapping. The two competing effects, trapping along the well length 
and along lateral direction, determine the optimum well length required.  Greater well length increases the trapping in direction of 
well path but reduces in lateral direction because of the ratio of gravity forces to viscous forces becomes larger. Thus dominance 
of either of these competing effects and cost of drilling determine optimal well length. This study illustrates the effect of different 
injection strategies on multiple objectives of CO2 sequestration including maximizing trapping and minimizing leakage potential. 
We find that the benefits of a strategy to maximize injectivity may be offset by less CO2 entering secure modes of storage. 
 
© 2008 Elsevier B.V. All rights reserved 
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1. Introduction 
Deep saline aquifers separated from underground sources of potable water act as an excellent site for CO2 
storage. Large volumes of such aquifers exist in the depths of sedimentary basins throughout the world. The CO2 
injected into an aquifer is required not to leak to any other resources or atmosphere. Thus a primary objective of a 
storage strategy is to immobilize CO2 as much as possible. Besides immobilization, a storage scheme will also aim 
to minimize the probability that the CO2 plume intersects potential leakage conduits, such as faults and abandoned 
wells.  
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In this paper we focus on how the perforation interval plays a role in improving trapping and reducing leakage 
potential.  Because several related physical phenomena occur during CO2 injection into an aquifer, we describe them 
before setting out the model of a perforated interval.  We then discuss the model and illustrate several applications.  
2. Important Physical Phenomena 
2.1. Development of Drying Region 
Under typical deep saline aquifer 
conditions (below 2600 ft), water has a 
small solubility in supercritical CO2, 
about 2 mole %. Consequently, injecting 
CO2 for several decades will dry out the 
formation, producing a region 
surrounding the well in which the CO2 
saturation is 100%. As explained by Noh 
et al. [1] and Burton et al. [2], the 
creation of a dry region divides the 
aquifer into three flow regions: single 
phase brine, two-phase (aqueous phase 
and CO2–rich phase), and single phase 
CO2. The regions are shown in Figure 1 
with CO2 injector at the center. Single-phase brine exists downstream of the CO2 plume, where only brine is 
flowing. In the two-phase region CO2-saturated brine as aqueous phase and water-vapor-saturated CO2 as 
nonaqueous phase exist in chemical equilibrium. The flow in this region is determined from fractional flow theory, 
adapted as described below.  
Sharp saturation 
fronts exist at the 
interface of two phase 
region and single 
phase brine region and 
at the interface of dry 
region and two phase 
region. This is 
explained from the 
relevant fractional 
flow construction in 
Figure 2(b). The 
underlying theory is 
explained in detail by 
Noh et al. [1]. The D 
parameters on the plot 
arise because of the 
mutual solubility of 
the components in 
each phase. The 
tangents from these D 
values on the fractional flow curve determine the velocity of the two fronts as shown in Figure 2(b). 
The three flow regions defined above have different relative mobilities (Burton et al. [2]). Relative mobility in 
each of these three regions can be expressed as 
Single phase brine:  1rwbrine
w w
k
M
P P
    (1) 
(a) (b)
 
Fig. 1—(a) Schematic of aquifer system showing different flow regions. (b) Vertical 
cross-section of aquifer  with well at center 
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Fig. 2—(a) Laboratory measured relative permeability on Viking sandstone (Bennion & Bachu [3]).the curve 
has been extended to Sg=1 to account for drying region. The permeability reduction due to salt precipitation is 
not considered. (b) Fractional flow curves for phases with mutual solubility.  The schematic shows typical gas 
fractional flow curve vs gas saturation (Noh et al, 2007). The D parameters are related to the solubility 
coefficients. vBL  and vdry are the velocity of Buckley-Leverett and drying front respectively which are the slopes 
of corresponding tangents. Saturations in two phase region ranges from Sg,BL and Sg,dry.  
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where we use the fact that the relative permeability of brine is krw = 1 since only brine is flowing in this region. 
Two phase region:  
,
rg rwBL g w Sg avg
k kM P P
§ ·| ¨ ¸
© ¹
 (2) 
where ,Sg avg  is the average CO2 saturation in two phase region determined from Welge’s method (calculating 
average saturation behind the front from fractional flow). 
Dry region:  , 1rg Sgdry
g
k
M
P
    (3) 
The value of krg,sg=1 does not correspond to a relative permeability. Rather we use it to represent the fractional 
reduction in absolute permeability near the wellbore due to salt precipitation. The effect can be captured by 
extending the laboratory measured relative permeability from the normal endpoint (irreducible water saturation) to a 
new endpoint at Sg=1 (Burton et al. [2]). Figure 2(a) shows a laboratory measured curve on Viking Sandstone by 
Bennion and Bachu [3], extended to a dry region endpoint assuming that salt precipitation does not reduce 
permeability (krg,Sg=1 = 1). 
We assume one-dimensional, radial flow, and we estimate the instantaneous pressure and flow rate in the 
dynamic system from the steady state relationship between pressure drop and flow rate. This yields the average 
mobility of the fluids in the storage formation, Mavg, as a harmonic average of mobility in each region (Burton et al. 
[2]):  
ln lnln ln dryBLe e
dry ww BL
avg brine BL dry
rrr r
r rr r
M M M M
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where, re = external boundary radius, rBL = radial distance of Buckley-Leverett front from injector, rdry = radial 
distance of drying front from injector, and rw  = well bore radius. 
During continuous injection of CO2, both the two-phase region and the dry region grow in radius. The expansion 
of these two regions with time causes the average mobility, and therefore the well injectivity, to change with 
cumulative CO2 injected.  For typical storage formation conditions and relative permeability curves, the injectivity 
increases monotonically as the high-mobility (low viscosity) CO2 moves the low-mobility two-phase flow region 
farther from the wellbore. 
2.2. Difference in hydrostatic gradient between brine and CO2  
CO2 is less dense than brine under typical deep saline aquifer conditions. When injection of CO2 commences 
through a well, CO2 will occupy the wellbore, while brine resides in the aquifer. Due to difference in density, there 
is difference in hydrostatic gradient within the wellbore and within the reservoir.  As shown in Figure 3, the 
difference in hydrostatic gradient leads to a higher pressure difference between wellbore and aquifer at the upper 
perforations compared to the lower perforations. Since flux is proportional to pressure difference, top perforations 
initially accept a larger rate of CO2 injection into the aquifer than the bottom perforations. This causes the 
development of higher CO2 saturation in the top layers of aquifer and increases the average mobility near top layers 
as the drying region penetrates deeper. The increase in mobility in top layers reinforces more injection into the top 
layers. Thus the flux distribution along the well length becomes more non-uniform.  
If CO2 is injected at a constant overall rate, this increase in mobility decreases the required bottomhole pressure 
for injection. These effects cause the deeper portions of the well pressure profile and the reservoir fluid pressure 
profile to approach each other. Depending on other parameters such as density difference, permeability, injection 
rate etc., some of the bottom perforations may even stop contributing.  
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Fig 3—Schematic pressure profile in the well and in aquifer along the well length at three different times. 
3. Implications 
The preferential injection of CO2 through top perforations is not desirable for CO2 storage. Since more CO2 
accumulates near the top perforations, it reaches the top seal earlier and then travels beneath the top seal to distance 
from where is can leak (Kumar et al. [4]). Also since less of the volume of rock and brine comes in contact with 
CO2 around bottom perforations, less trapping of CO2 as residual gas and dissolution in aqueous phase occurs there.  
These considerations indicate a tradeoff in designing an injection well completion. The longer the perforated 
interval in a vertical well, the larger the injectivity, but the greater the nonuniformity of the injection within the 
interval. For a target injection rate, an optimum perforation interval can be selected so that all of the perforations 
keep on contributing throughout the injection period. This optimized perforation interval can be placed at the bottom 
of aquifer in order to increase the distance between top perforation and top seal of aquifer. Also placing the 
perforations at bottom of aquifer yields a plume that can move vertically under gravity after injection ends. This will 
increase the contact of rock and brine with CO2 and enhances trapping of CO2 as dissolved in aqueous phase and as 
residual saturation. In subsequent sections we develop a model to quantify these ideas. 
4. Modeling Approach 
4.1. Semi-analytical model 
A semi-analytical algorithm is developed to determine the optimum perforation interval. The algorithm produces 
pressure distribution and flux distribution along the well length at each time step for a prescribed constant injection 
rate. The optimum perforation interval exhibits the most uniform flux distribution while maintaining injection 
pressure below fracture pressure of rock.  
A radial aquifer is considered with injection well at center. The outer boundary is at constant pressure equal to 
initial aquifer pressure. The perforation interval is divided into a number of smaller intervals of thickness z' . 
Crossflow between the intervals is not permitted. Figure 1(b) shows the schematic of the model.  
4.1.1. Combining the two physical phenomena 
Assuming no gradients due to flow in vertical direction, we have 
Pressure in well at depth z = 2wz wt COP P gzU   (5) 
Pressure in aquifer reservoir at depth z = rz rt wP P gzU   (6) 
where wtP  is the pressure in well at top perforation , rtP  is the pressure in aquifer at the depth of top perforation and 
z is the distance from top perforation. 
The injection driving force at a perforation at position z, 'P(z), is 
 ( ) wz rz wt rtP z P P P P gzU'      '   (7) 
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where U' = 2w COU U .  It is clear from Eq. 7 that the driving force for flow into a perforation decreases with 
depth. Since , it follows that the pressure profiles in well and in aquifer eventually intersect.  
Let us divide the total perforation interval H into intervals of small thickness z' . The flow in each small interval 
is assumed one dimensional in radial direction. The CO2 injection rate in such an interval at a depth z from top 
perforation assuming steady-state flow can be written as: 
    ^ `2
( ) 2 ( )
( ) 2
ln ln
avg avg
CO wt rt
e e
w w
kM z P z z kM z
q z P P gz z
r r
r r
S
S U
' '
   ' '
§ · § ·
¨ ¸ ¨ ¸
© ¹ © ¹
 (8) 
where, k = permeability of aquifer, Mavg(z) = average relative mobility in the interval at distance z from top 
perforation, re  = external boundary radius of aquifer, and rw = wellbore radius. 
Because the injection rate varies with depth, the distance travelled by the saturation fronts also varies with depth. 
Thus the average mobility varies with depth. This coupling leads to preferential flow into the upper perforations.   
The total injection rate is given by 
2 ( )T coQ q z ¦   (9) 
4.1.2. Computing the initial wellbore pressure profile 
At the start of injection, only brine is flowing in aquifer, so   
Mavg = Mbrine at all z 
At start of injection the well pressure profile can be calculated as follows. Given a prescribed rate of injection Q* 
in reservoir conditions (e.g. rBbl/d) and a reference (fixed) reservoir pressure e.g. Prt, 
1. Assume a value of wtP > rtP  
2. Calculate TQ  from Equations 8 and 9 using Mavg = Mbrine 
3. If TQ < Q
*, increase wtP  to next higher step and repeat step 1 and 2. 
If TQ > Q
*,decrease wtP to a lower value and repeat steps 1 and 2. 
4. Pressure in well at any depth can be calculated from Equation 5 once Pwt is found. 
4.1.3. Evolution of wellbore pressure profile with time 
To advance the solution in time, consider a small time interval t'  during which the rate through all intervals 
z' is assumed constant. The volume of CO2 injected during t'  in the interval of thickness z'  is 2 ( )coq z t' . The 
layer pore volume injected is given by: 
2
2
( )
( ) coD
e
q z t
t z
r zS I
'
 
'
  (10) 
The extent of two-phase region (rBL) and dry region (rdry) can be estimated for each of the interval as explained 
by Burton et al. [2]. 
,g BL
gBL
D
e g S
fr t
r S
§ ·w
 ¨ ¸¨ ¸w© ¹
  and  
,g dry
dry g
D
e g S
r f
t
r S
§ ·w
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 (11) 
where  
,g BL
g g S
f Sw w  and  
,g dry
g g S
f Sw w  are the speeds of the Buckley-Leverett front and the drying front 
respectively as shown in Figure 2. 
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After determining the rBL and rdry for each of the interval, Mavg can be recalculated for each interval from 
Equation 4. With a new set of Mavg(z), a new well pressure profile is calculated following the same four steps 
enumerated above to compute the initial well pressure profile. This process is repeated for many time steps. The 
distribution of flow rate into the perforated interval at each time step is thus forecast till end of injection period. We 
do not correct the hydrostatic difference even though the injected CO2 reduces the gradient in reservoir. This 
idealization does not greatly affect the behavior. 
5. Results 
5.1. Base Case 
We illustrate the application of the algorithm for several simple cases. Suppose that CO2 is injected at a (small) 
rate of Q* = 350 rBBl/day in a 500 ft interval of permeability 30 md. We assume that evaporating the formation 
brine causes no reduction in rock permeability due to precipitated salts. Figure 4(a) shows the flux distribution along 
the vertical well length, and Figure 4(b) shows the corresponding wellbore pressure distribution. The pressure 
profile shows that from the start, some 75 ft of the bottom perforations are not contributing, because the wellbore 
pressure is not greater than aquifer pressure at those depths. The flux distribution shows that with time this 
disproportionate distribution becomes still more skewed toward the upper perforations. After 30 years of injection 
the bottom 100 ft of perforations no longer contribute to injection.  
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Fig. 4—(a) Flux distribution along the well length with time. The perforation interval is 500 ft with total injection rate of  Q* = 350 
rBBL/day. Permeability of formation is 30 md, porosity 0.135, density of CO2 650 kg/m3 and that of brine is 1020 kg/m3. (b) Pressure 
distribution in the well and in the aquifer along the well length. 
5.1.1. Effect of permeability 
The flux distribution with depth depends primarily on injection rate, permeability, density difference between 
brine and CO2, relative permeability and viscosity. In an aquifer of larger permeability the well pressure profile and 
aquifer pressure profile are closer together at all times. And thus the pressures in well and aquifer intersect at 
shallower depth. Figure 5(a) shows the flux distribution for Q* = 350 rBBL/day total injection in 500 ft aquifer of 
100 md permeability. Other properties are same as base case. The figure shows that only top 200 ft of the 
perforations contribute to flow after injecting for 50 days. The well pressure and aquifer pressure are close to each 
other and thus they intersect each other at shallower depth, leading to significant amount of inactive perforations.  
5.1.2. Effect of injection rate 
A case with twice the rate of injection, Q* = 700 rBBL/day was run, keeping all other parameters unchanged. 
Figure 6(a) and 6(b) shows that at this higher rate all the perforations contribute to flow till the end of 30 years. 
However, the flux distribution is still strongly skewed towards the top intervals, which accept five times more flow 
than the bottom intervals. 
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Fig. 5—(a) Flux distribution along the perforation interval for Q*=350 rBBL/day injection rate in aquifer of 100 md permeability. 
Only top half of the perforations contribute. (b) Pressure distribution in the well and in the aquifer along the perforation interval. 
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Fig. 6—(a): Flux distribution along the perforation interval for Q*= 700 rBBL/day injection rate and rest all parameters same as 
base case. All the perforations contribute throughout the injection period for this injection rate, but top perforations receive the 
majority of CO2. (b) Pressure distribution in the well and in the aquifer along the perforation interval. 
Another way to look at utilizing the perforations is to find the injection rate at which all perforations will 
contribute nearly equally throughout. The uniformity of the flux distribution can be expressed in terms of coefficient 
of variation. Coefficient of variation (CV) is the ratio of standard deviation and mean. 
CV V
Q
  
The more uniform distribution of flux with depth, the 
smaller the value of CV. A completely uniform 
distribution, i.e. q(z) does not vary with z, has a CV of 
zero. Figure 7 shows the effect of changing the length of 
the perforated interval while holding the injection rate at 
Q*=350 rBBl/day. Other parameters are same as the 
base case mentioned above.  All the perforations are 
utilized when the perforation interval is 300 ft or less. 
From the CV curve, the flux distribution along the depth 
is still rather skewed when 300 ft are perforated.  The 
distribution becomes very nearly uniform (CV = 0.05) at 
100 ft of perforation interval. Thus for this case the 
optimum perforation interval is 100 ft. 
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Fig. 7—Plot of coefficient of variation and fraction of perforations 
utilized vs total perforation interval for a given injection rate of 
Q*=350 rBBL/d. Other parameters are same as base case. 
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5.2. Horizontal Well 
The performance of a horizontal well compared to a vertical well depends upon parameters such as length of 
perforated horizontal section and vertical permeability of the storage formation. Distributing the total flow 
uniformly along the horizontal perforated length reduces the velocity of plume compared to a vertical well operating 
at the same injection rate. It also allows more CO2 contact with brine and rock along the well length compared to 
vertical well. But on the other hand, the smaller fluid velocity means that gravity force is more influential and the 
flow has greater vertical component, thus contacting less brine/rock in horizontal direction (Kumar [5]). In other 
words for a given injection rate the horizontal well allows more trapping along the well but cannot take much 
advantage of permeability anisotropy to enhance trapping in horizontal direction.  
Figure 8 shows that for horizontal well lengths from 200 ft to 
1000 ft, the time to hit top seal does not increase much. The 
reason for this invariance is the tradeoff between smaller gravity 
number and greater CO2/brine/rock contact along the well. For a 
horizontal well length of 2500 ft, the injected plume contacts 
more brine and rock, and the velocity is reduced so much that it 
takes much longer to hit top. On the same plot is shown the 
vertical well case. Remarkably, the plume in case of vertical 
well with 100 ft perforation takes longer time to reach top 
compared to 200 ft and 300 ft horizontal well. 
6. Conclusion 
The difference in hydrostatic gradient of fluid in well and 
reservoir coupled with relative permeability effects leads to 
underutilization of perforations at smaller injection rates. This reduces the extent of trapping of CO2 as a residual 
phase and by dissolution in brine. The perforation interval can be optimized for uniform flux distribution or fracture 
pressure of aquifer.  In horizontal well the trapping occurs along the well length direction as well as in transverse 
direction. For a given rate, there is no benefit for horizontal well unless very long. 
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